To investigate the events that lead to acute myocardial ischemia we monitored continuously the ECG, the left ventricular (four patients) or aortic (two patients) pressure and the great cardiac vein oxygen saturation (CSO2S) by a fiberoptic catheter in six patients with frequent anginal attacks at rest. We recorded 137 transient ischemic episodes (10 with chest pain) characterized by ST-segment elevation in 28 episodes, depression in three episodes and by pseudonormalization of previously inverted or flat T waves in 106 episodes. The onset of electrocardiographic and hemodynamic changes was preceded by a large drop in CSO2S in all 135 episodes with ST-T changes in the anterior leads but not in two episodes with ST elevation on inferior leads. The fall in CSOS2, consistently followed by signs of left ventricular function impairment and never preceded by any detectable increase in the hemodynamic determinants of myocardial oxygen consumption, probably reflects a reduction in regional perfusion. Thus, a reduction in coronary flow may cause transient ischemia in patients with angina at rest. These episodes may be associated with variable, often minor electrocardiographic changes and occasionally with anginal pain.
ANGINA AT REST is traditionally ascribed to the presence of critical atherosclerotic stenosis involving large coronary arteries and limiting the regional coronary reserve to a very low, fixed level. This hypothesis has been challenged on the basis of recent observations: 1) Hemodynamic monitoring in patients with angina at rest showed no increase in the hemodynamic determinants of myocardial oxygen consumption preceding the onset of ST-segment changes.'-' 2) Thallium-20 1 myocardial scintigraphy obtained during anginal attacks showed a reversible deficit of the tracer uptake, indicating a reduction in regional myocardial blood flow.5 6 3) Angiographic studies performed during anginal attacks consistently showed a reversible coronary artery spasm. 3 7-10 Although these findings suggest that a coronary vasospasm may cause transient ischemic attacks that occur at rest, evidence is lacking that a reduction in regional blood supply actually precedes the onset of electrocardiographic and hemodynamic changes typical of ischemic episodes. Therefore, in a group of patients with frequent angina that occurred at rest, we continuously monitored the ECG, the left ventricular or aortic pressure and the coronary sinus oxygen saturation (CSO2S), which was assumed to reflect changes in myocardial blood flow, provided the arterial 02 content and the myocardial 02 consumption remain constant. The study was aimed at investigating the temporal sequence of electrocardiographic changes, of the impairment of left ventricular function and of the onset of pain, relative to the changes in regional myocardial perfusion in the initial phase of the attacks of angina at rest.
Materials and Methods Patients
Six male patients ages 34-65 years (mean age 53 years) admitted to our coronary care unit because of transient, recurrent episodes of angina at rest with typical ST-T changes were selected for the study. Their main physical and clinical characteristics and electrocardiographic, angiographic and scintigraphic data are listed in table 1. Patients 2 and 4 had an old myocardial infarction, and patient 5 had mild rheumatic aortic incompetence. To document the location and direction of ST-segment changes, 12-lead ECG tracings were recorded in each patient during several anginal attacks. Thallium-201 scintigrams performed in four patients during an anginal attack at rest showed, relative to the control conditions, a deficit in the tracer uptake involving the anteroseptal wall in patients 1 and 4, the lateral wall in patient 3 and the inferior wall in patient 2. Coronary angiography, performed in five patients by Judkins' technique, showed three-vessel disease in patient 3, two-vessel disease in patients 1 and 4, and one-vessel disease in patients 2 and 5. Left ventriculography showed normal contractility in patient 5, anteroseptal hypokinesia in patients 1 and 3, apical hypokinesia in patient 4 and a small, inferior, postnecrotic aneurysm in patient 2. Informed consent for coronary angiography was not obtained for patient 6. An ergonovine maleate (EM) injection (0.02-0.6 mg i.v.) produced typical anginal pain, accompanied by ST 
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Normal Abbreviations: LAD = left anterior descending artery; LCA -left circumflex artery; LMB = left marginal branch; LDB = left diagonal branch; RCA = right coronary artery; RBBB = right bundle branch block; -not performed; t = elevation; l = depression; TT = pseudonormalization of T wave.
to those accompanying the spontaneous attacks were observed. A bicycle ergometer exercise test, performed in all patients, was positive in patients 1, 2 and 3 at a load of over two-thirds of their theoretical maximal working capacity and was negative in the others.
Protocol
The study was usually initiated in the evening 12 hours after withdrawal of any antianginal treatment and was continued for about 12 hours or until a sufficient number of attacks (at least two) were collected. The monitoring period ranged from [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] hours (mean 8.6 hours). During the study only sublingual nitroglycerin was given to relieve the attacks. Each patient was premedicated with diazepam, 10 mg i.m. Each patient gave informed consent to the study. No patient developed serum enzyme elevation or permanent ECG changes indicative of acute myocardial infarction before or during the study.
Technique and Instrumentation CSO2S monitoring was performed using an in vivo reflectometer (Schwarzer IVH3) that measures the percentage of 02-saturated hemoglobin by applying the reflection spectrophotometry principle.", 12 A #7F woven Dacron fiberoptic catheter (Schwarzer) was introduced via a left antecubital vein, connected to the reflectometer, positioned in the coronary sinus outflow tract and advanced to the left cardiac margin under fluoroscopic control. Its position was confirmed by the appearance of a sudden and stable 02 saturation drop and by the injection of Urographin-75. The calibration factor was determined before introducing the catheter by dipping the tip in different cuvettes that contained blood samples with different percentages of 02 saturation, determined by an in vitro spectrophotometric method (IL 182 Co-oxymeter). The results of the com-parison between the values obtained by the two methods are shown in figure 1 . A #5F Teflon catheter was introduced percutaneously via the femoral route and positioned under fluoroscopic control in the left ventricle in four patients; in patients 5 and 6 an arterial polyethylene cannula was inserted percutaneously into the left brachial artery. Left ventricular and arterial catheters were connected to a Statham P23Db pressure transducer and continuously flushed under constant pressure with heparinized saline. The zero reference was positioned 5 cm below the sternal angle. Coagulation time was checked every 3 hours and was maintained between 20-25 minutes. Simultaneous arterial and coronary sinus blood 
Analysis of the Data
The data stored on magnetic tape were played back on a Telco-Thompson EP86 photographic recorder at different paper speeds (0.1-25 mm/sec). The left ventricular dP/dt was differentiated by an R-C analog circuit. Low-speed playbacks (0.1-1 mm/sec) of all recording periods were obtained according to the previously described technique3 4, 1' and were used to identify the ischemic episodes and to follow the trends of the different measurements. High-speed recordings (10-25 mm/sec) were obtained for each episode, including the period preceding, during and after the onset of ST-segment changes.
CSO2S levels, heart rate, pressure-rate product (PRP), left ventricular (or aortic) systolic/enddiastolic pressure and left ventricular peak positive and negative dP/dt were measured during each cardiac cycle and averaged over 10-second periods 60, 30, 20 and 10 seconds before and 10, 20, 30 and 60 seconds after the onset of ST-segment changes. In 19 episodes additional measurements were obtained 5 and 10 minutes before the onset of ST-segment changes. This was not possible in the remaining episodes because they followed one another too rapidly. Results
Electrocardiographic Findings
We recorded 28 episodes of ST-segment elevation (STt) and three of ST-segment depression (ST;). Only eight (seven with STt and one with STI) were accompanied by typical anginal pain, which began 68 ± 7 seconds after the onset of the ECG changes. We also recorded 106 episodes characterized by pseudonormalization of previously inverted T waves or by an increase in amplitude and peaking of positive or flat T waves. Two of these were accompanied by typical anginal pain that began 45 and 50 seconds, respectively, after the onset of the ECG changes.
Twelve-lead tracings were obtained in seven episodes with STt, in one with ST; and in 12 with changes only in T waves. The most pronounced ischemic changes always appeared in the lead previously selected for continuous monitoring.
Patients 1, 4, 5 and 6 showed variable electrocardiographic patterns alternating on the same lead in different episodes. Patient 3 had only episodes of ST; and patient 2 only episodes of STt. The most evident ischemic changes occurred on anterior leads in all but patient 2, who had only two episodes with STt on inferior leads (table 2). All the attacks subsided either spontaneously or after sublingual nitroglycerin. 
Hemodynamic Findings
The transient ischemic changes of the ST segment and T waves, with or without pain, were never preceded by a significant increase in the hemodynamic determinants of myocardial oxygen consumption (heart rate, left ventricular pressures and peak dP/dt, aortic pressure and pressure-rate product). However, during the ischemic episodes different hemodynamic patterns were observed in the individual patients.
In patients 1 and 2, a consistent decrease in left ventricular relaxation and contraction peak dP/dt was observed preceding or during the onset and 4). Nineteen were characterized by ST-segment elevation and 50 by pseudonormalization of inverted or flat T waves. In all the episodes with ST-segment elevation and in 44 with pseudonormalization of T waves the drop in contractility was shortly followed or accompanied by a decrease in left ventricular systolic pressure and by an increase in end-diastolic pressure. Despite a drop in left ventricular relaxation and contraction peak dP/dt, no significant changes in left ventricular pressures were observed in six episodes with pseudonormalization of T waves. The percentage of decrease in left ventricular relaxation and contraction peak dP/dt relative to the control values was 17.4 3 and 14 ± 2%, respectively, in the episodes with STt and 11.6 4.2% and 9.2 + 3.7% in those with pseudonormalization of T waves. The left ventricular systolic pressure decreased 12 + 3 mm Hg in the episodes with ST-segment elevation and 7.6 2.8 mm Hg in those with pseudonormalization of T waves. The left ventricular end-diastolic pressure increased 10.6 3 mm Hg in the episodes with STt and 5.5 ± 3 mm Hg in those with pseudonormalization of T waves. Heart rate increased after the onset of ST-T changes by an average of 10 4 beats/min in 19 episodes with STt and by 6 3 beats/min in 40 episodes with only changes in T waves (table 3) . STh +22.5 VOL 61, No 4, APRIL 1980 In patients 3 and 4 no impairment of the left ventricular function was evident in the period preceding the onset of ST-T changes. A parallel increase in left ventricular systolic and end-diastolic pressures was observed during or after the onset of electrocardiographic changes in 27 of the 38 ,recorded episodes. Five were characterized by STt, two by ST; and 20 by pseudonormalization of inverted T waves. The left ventricular systolic and end-diastolic pressures increased 17.6 4 and 12.8 ± 3.4 mm Hg, respectively, in the episodes with STt; 22.5 and 12.5 mm Hg in those with ST;; 12.1 i 4.4 and 7 ± 3.4 mm Hg in those with pseudonormalization of inverted T waves. Twenty-four episodes, five with STt, two with ST; and 17 with only changes in the T wave, were accompanied by a simultaneous increase in left ventricular contraction (11.4 ± 2.7%) and relaxation (9.3 ± 3.1%) peak dP/dt. In the remaining 11 episodes (all characterized by pseudonormalization of inverted T waves) no changes in left ventricular systolic pressure and dP/dt appeared. End-diastolic pressure increased an average of 6 ± 2.5 mm Hg. An increase in heart rate, simultaneous to the onset of the ST-T changes, was observed in five episodes with STt (6 ± 2 beats/min), in two episodes with STw (9 beats/min) and in 16 episodes with only changes in T waves (5 ± 2.5 beats/ min) (table 3) .
In patients 5 and 6, in whom only aortic pressure was monitored, a drop in systolic pressure with reduction in pulse pressure accompanied the onset of STsegment changes in 22 of the 25 recorded episodes. The average drop was 19.3 ± 4.7 in the four episodes with STt, 13.4 in the episode with STI and 14.2 ± 3 in ONSET ST--CHANGES ,Q the 17 episodes with pseudonormalization of T waves. Heart rate increased after the onset of ST-T changes by 10 ± 4 beats/min in the episodes with STt, by 13 beats/min in the episode with STI and by 8 ± 3 beats/min in the episodes with only changes in T waves. No significant hemodynamic changes were observed in three episodes, all characterized by peaking of T waves (table 3) .
Results of CSO2S Monitoring
A consistent drop in CSO2S preceded the onset of electrocardiographic and hemodynamic changes in all the 135 episodes characterized by ST-segment or T-wave changes occurring on the anterior leads, regardless of the presence of typical anginal pain (figs. 2, 3 and 5). In contrast, no detectable changes in CSO2S were observed in the episodes recorded in patient 2, characterized by a marked STt on inferior leads ( fig. 4 ). In no instance did an appreciable increase of the hemodynamic determinants of myocardial 02 consumption precede or parallel the fall in CSOS2 ( fig. 5 ). In all episodes CSO2S began returning to the control almost simultaneously with the normalization of the ST segment or T wave. In the 26 episodes with STt on anterior leads, CSO2S began decreasing 27.2 ± 2 seconds before the onset of the ST-segment changes and reached its minimum level, 48.5 ± 3% lower than the control values, 66 ± 9 seconds later. In the three episodes with ST;, the CSO2S drop occurred 37 ± 2 seconds before the onset of the electrocardiographic changes and attained its minimum, 27.3 ± 2% lower than the control values, 95 ± 6 seconds later. In the 106 episodes characterized by (fig. 6 ). In episodes in which a left ventricular functional impairment was evident preceding the onset of the electrocardiographic changes, the CSO2S drop occurred 13 + 1.5 seconds before the fall in contractility in the episodes with STt and 8 ± 1 seconds in those with only changes in T wave. No significant differences in CSO2S were evident between the episodes associated with typical anginal pain and those that were asymptomatic.
Discussion
Electrocardiographic and Hemodynamic Findings From a clinical, electrocardiographic and hemodynamic point of view our data confirm and extend previously reported observations.
In our patients typical anginal pain was associated with only 10 of 137 ischemic episodes and, if present, always occurred 50-120 seconds after the onset of ST-T changes. Therefore, pain does not appear to be a reliable and sensitive marker of transient, acute myocardial ischemia3, 4, 14, 15 Four patients showed variable electrocardiographic patterns in the same leads in different ischemic episodes. In particular, patients 1, 4 and 5 had either episodes with STt or with pseudonormalization of inverted or flat T waves, and patient 6
showed STt and STI in the same leads during two consecutive episodes. Since different ST-T changes, probably reflecting variable degrees of ischemic involvement, may be observed in the same area at different times, angina with STt does not appear to identify a special subset of anginal patients,"6 but rather represents only one of the possible clinical manifestations of the anginal syndrome. 3 4,15 In none of the 137 episodes recorded were the ST-T changes preceded by consistent increases in the hemodynamic determinants of myocardial oxygen consumption. In fact, in patients 1 and 2 a marked decrease in left ventricular peak dP/dt and systolic pressure, followed by an increase in end-diastolic pressure, preceded or accompanied the onset of ST-T changes in 69 out of the 74 recorded episodes characterized by either STt or by pseudonormalization of inverted T waves.3 4 Furthermore, in patients 5 and 6, in whom only aortic pressure was monitored, a significant drop in systolic pressure with reduction in pulse pressure, probably reflecting acute left ventricular functional impairment, accompanied the ST-T changes in 22 of the 25 episodes. The report of a similar hemodynamic and electrocardiographic sequence of events, observed in the experimental animal upon acute coronary ligation,'1719 supports the hypothesis that a transient reduction in regional blood supply may have been the initiating event for the transient ischemic episodes recorded in these patients.
However, in 27 of the 38 episodes recorded in patients 3 and 4, a simultaneous increase in left ventricular systolic and end-diastolic pressures and contraction and relaxation peak dP/dt consistently accompanied or shortly followed the ST-T changes. We could not find any significant differences between these episodes and those recorded in the other patients, concerning the duration, the ECG pattern, the behavior of left ventricular end-diastolic pressure or either the presence or absence of anginal pain. Consequently, the mechanisms that underly the hemodynamic patterns during the episodes remain un-ONSET OF ST-T CHANGES CS02 saturation controt level FIGURE 6. Average behavior of coronary sinus 02 saturation (CSO2S) in the three electrocardiographic classes of ischemic episodes. The Although the degree of left ventricular functional impairment was more pronounced in the episodes accompanied by STt, a qualitatively similar hemodynamic pattern was also observed during episodes with pseudonormalization of negative or flat T waves. Consequently, according to a hypothesis recently suggested,23' 24 even changes in T-wave polarity, traditionally considered nonspecific, must be regarded, at least in some patients with angina at rest, as indicative of transient acute myocardial ischemia.
Finally, the temporal lag between the electrocardiographic changes and the onset of anginal pain, when present, and the possibility that a hemodynamic pressor response accompanies the ST-T changes, may account for the different conclusions of previous investigators.25 27 In fact, the rise in heart rate and aortic pressure observed by these authors during anginal pain was interpreted as the cause of the ischemic attacks.
Results of CSO2S Monitoring
According to Fick's indirect principle, in the experimental conditions of our study the measurement of the CSO2S should represent a semiquantitative estimate of regional myocardial blood flow changes. In fact, the arterial 02 saturation may be assumed as practically constant and the myocardial oxygen consumption does not increase as indicated by the absence of rise in the hemodynamic parameters monitored throughout the study. It appears reasonable to assume that the drop in CSO2S, consistently observed in our patients in the absence of any detectable increase in myocardial 02 consumption, reflects an increase in myocardial 02 extraction caused by reduced regional myocardial blood flow. An increase in the total coronary resistance as observed during hyperventilation28 31 probably did not occur in our patients. Blood gas analysis, performed by simultaneous arterial and coronary sinus sampling during four asymptomatic ischemic episodes, demonstrated a marked metabolic acidosis, accompanied by lactate and potassium production in the coronary sinus blood without any evidence for arterial alkalosis and hypocapnia ( fig. 7) .
In two additional episodes accompanied by typical anginal pain, a significant increase in arterial pH and Po2 and decrease in Pco2 occurred, accompanied by a decrease in venous pH and Po2 and increase in Pco2. Furthermore, in two other patients submitted to coronary sinus catheterization using the fiberoptic catheter, prolonged hyperventilation failed to precipitate typical anginal pain, ST changes or lactate and potassium production despite the extremely low levels of 02 saturation and Pco2 attained in the coronary sinus blood. The advanced position of the catheter tip in the coronary sinus accounts for the sensitivity of the system in detecting changes in CSO2S even in the presence of minimal electrocardiographic changes and in the absence of anginal pain. It also explains the absence of significant change of the CSO2S in the episodes recorded in patient 2, characterized by marked STt in the inferior leads. This confirms that the CSO2S changes are localized to the ischemic area rather than being diffuse, as expected in hyperventilation. The fall in CSO2S appears related to the severity of electrocar- . 6 ). Consequently, in our patients the severity of the ST-T ischemic changes appears proportional to the extent of the reduction in coronary flow. The observation that in the same patient different ECG patterns preceded by proportional decreases in CSO2S may occur in the same leads during different episodes further supports the hypothesis that the variant form of angina represents only one aspect of the pleiomorphic anginal syndrome. The finding of a similar behavior of CSO2S in patient 3, who had only episodes with STI, confirms the hypothesis7`15 that a primary reduction in regional myocardial blood flow is not peculiar to the variant form of angina.
Our study does not provide direct information about the cause of the reduced coronary blood supply. We could not find evidence for a primary role of transient platelet aggregation as suggested by recent experimental data reported by Folts et al.,32 which, however, are different from those of Uchida et al. 33 in a similar experimental preparation. However, another study performed on a group of patients with similar clinical, angiographic and electrocardiographic characteristics failed to demonstrate any effect of both highand low-dose aspirin in preventing anginal attacks occurring at rest (Chierchia S: unpublished data).
In contrast, the positive response to the EM test obtained in all patients, the angiographic documentation of a coronary artery spasm in three patients, and the favorable response to nitrates in all patients support the hypothesis that the ischemic episodes in these patients are caused by an altered coronary vasomotricity.
Conclusions
Our data document the temporal sequence of events in the initial phase of transient ischemic attacks occurring at rest. They support the hypothesis that a reduction in regional myocardial perfusion, probably caused by coronary vasoconstriction or vasospasm, precedes the onset of electrocardiographic and hemodynamic changes typical of transient, acute myocardial ischemia. They also demonstrate that even minor electrocardiographic changes, such as pseudonormalization of inverted or flat T waves, once considered nonspecific for transient, acute myocardial ischemia, are preceded by a reduction in regional myocardial perfusion and are accompanied by hemodynamic signs indicative of acute left ventricular function impairment, indistinguishable from those observed during episodes accompanied by typical STsegment changes and typical angina.
Although the number of the patients we studied is small, they were included in the study only because of the high frequency of angina. They therefore represent an unselected population.
Thus, a reduction in blood supply may be a pathogenetic mechanism of angina at rest more frequent than excessive increase in myocardial demands. This conclusion should be studied in a larger series of patients.
tracellular space after acute coronary artery ligation. They also showed that the intracoronary injection of KCI produced electrocardiographic changes and ventricular arrhythmias similar to those induced by coronary artery ligation.2 3 Harris et al. concluded that the rise in extracellular K+ was a major cause of ischemia-induced ventricular fibrillation.2 3 These observations have been confirmed by other investigators.4'10 However, Downar et al.'0 recently presented data that suggest that factors other than or in addition to the ischemia-induced K+ rise cause the associated electrophysiologic changes. In all prior experiments, K+ was measured in the vein draining the ischemic zone. Thus, the K+ values were only an approximation of the actual myocardial extracellular K+ and the evidence for or against a 768 CIRCULATION
